Introduction {#Sec1}
============

High-throughput screening of cells has become an important part of drug discovery, cancer research, immune cell analysis and toxicology studies.[@CR1],[@CR13],[@CR14],[@CR30] The desire to increase throughput is reflected in evolution of a commercial microtiter plate from 96 to 384 to 1536 well format. In addition to increased information content, high-throughput technologies may also offer a better understanding of cellular heterogeneity. In this regard, microfabrication approaches are particularly advantageous for decreasing the size of the microwells to enable capture and culture of single cells.[@CR4],[@CR6],[@CR18],[@CR20],[@CR21],[@CR29],[@CR31] These single cell arrays may be thought of as providing both the ultimate throughput and the most nuanced view of heterogeneity within a given cell population.

An important question that remains to be addressed is how to analyze function of cells on micropatterned surfaces? If one is interested in analysis of heterogeneity on cell-by-cell basis then techniques relying on cells secreting into common media (e.g. ELISA) become unsuitable. At the present time, the analysis of cell function within arrays or on micropatterned surfaces is largely limited to intracellular markers,[@CR10],[@CR22],[@CR27],[@CR31] however, it is advantageous to be able to monitor secreted products in cell arrays.

Immunology is one area where analysis of secreted products is important. Immune cells are highly specialized and heterogeneous, with phenotype being frequently defined by the types of cytokines these cells produce. For example, secretion of IFN-γ---a 17 kDa protein---is used to subcategorize CD4 T-cells into T-helper 1 (Th1) cells (IFN-γ^+^) vs. Th2 cells (IFN-γ^−^).[@CR15] Production of IFN-γ in T-cells is associated with vigorous immune response to infections such as HIV and therefore represents an important correlate of immune cell function.[@CR16],[@CR17] Love and co-workers as well as our group have been developing micropatterned surfaces that enable detection of proteins secreted by the immune cells to permit high-throughput analysis of immune cell function.[@CR2],[@CR9],[@CR21],[@CR24],[@CR25],[@CR32],[@CR33]

An approach pursued by our lab has relied on fabrication of poly(ethylene glycol) (PEG) hydrogel microwells on glass and immobilization of monoclonal antibodies (Abs) for capturing single immune cells within the wells.[@CR21] A more recent variant of this approach was to co-immobilize Abs specific for T-cells and IFN-γ to be able to capture single CD4 T-cells and to detect secreted IFN-γ in the same microwells.[@CR33] This approach allowed to assign cytokine production to specific cells within the array, however, Ab-based sandwich immunoassay employed for detection of IFN-γ provided only an end-point measurement, revealing no temporal information about cytokine release from cells.

DNA or RNA aptamers have emerged as an alternative to Abs for affinity-based biosensors.[@CR7] Advantages of aptamers include low cost and chemical stability, but arguably their biggest advantage over Abs is the possibility of engineering beacons that emit signal directly upon analyte binding.[@CR8],[@CR11],[@CR26] Recently, our group has developed fluorescence resonance energy transfer (FRET)-based aptamer beacon for detection of IFN-γ.[@CR28] In the present study, IFN-γ aptamer beacons were immobilized inside microwell arrays to create cytokine-sensing micropatterned surfaces. As shown in Fig. [1](#Fig1){ref-type="fig"} beacons consisted of fluorophore-labeled DNA aptamer hybridized to a complementary quenching strand and attached inside hydrogels via avidin--biotin binding. In the absence of analyte, no signal was observed because of the FRET effect; however, exposure of microwells to IFN-γ resulted in displacement of the quenching strand and appearance of fluorescence. Importantly, fluorescence signal was dependent on the analyte concentration, was confined to the microwells and was changing as a function of time. This study represents a step towards development of sensing micropatterned surfaces that may be used to both organize cells into high-density arrays and to detect secreted products in real-time on cell-by-cell or well-by-well basis. We envision IFN-γ sensing micropatterned surfaces as having immediate impact for the analysis of antigen-specific CD4 and CD8 T-cells.Figure 1Schematic description of cytokine-sensing microwells. Aptamer beacons were immobilized inside micorwells using avidin--biotin binding. A beacon molecule consisted of fluorophore-labeled DNA aptamer and a quencher-labeled complementary strand. In duplex, fluorescence of an aptamer was quenched due to FRET effect resulting from proximity of fluorophore-labeled aptamer to acceptor-carrying complementary strand. Binding of IFN-γ disrupted DNA duplex and resulted in fluorescence signal

Materials and Methods {#Sec2}
=====================

Chemicals and Materials {#Sec3}
-----------------------

Glass slides (75 × 25 mm^2^) were obtained from VWR (West Chester, PA). 3-(3-acryloxypropyl) trichlorosilane was purchased from Gelest, Inc. (Morrisville, PA). Anhydrous toluene (99.9%), 2-hydroxy-2-methylpropiophenone (photoinitiator), poly (ethylene glycol) diacrylate (PEG-DA, MW 575), HEPES, KCl, EDTA, MgCl2, were obtained from Sigma-Aldrich (St. Louis, MO). Neutravidin was purchased from Invitrogen (Carlsbad, CA). Recombinant human IFN-γ from R&D systems (Minneapolis, MN). The following buffers were used in this study: HKE buffer (10 mM Hepes, 100 mM KCl, 1 mM EDTA, pH 7.4), HKMT washing buffer (10 mM Hepes, 100 mM KCl, 1 mM MgCl2, 0.05% Tween20, pH 7.4). 3′ biotinylated IFN-γ aptamer carrying Alexa 488 label (FA) and 3′BHQ-1-labeled complementary oligo (Q) were synthesized by IDT Technologies (San Diego, CA). Oligonucleotide sequences and modifications used in this study are as follows:Aptamer-5′-6-FA- T GGG GTT GGT TGT GTT GGG TGT TGT GT-Biotin-3′Quenching strand-5′-ACAACCAACCCCA-BHQ-1-3′

Prior to their use, oligonucleotides were heated at 95 °C for 3 min and then allowed to cool slowly to room temperature. Oligonucleotide samples were kept overnight at 4 °C until their use.

Fabrication of PEG Hydrogel Microwells {#Sec4}
--------------------------------------

Prior to PEG gel immobilization, the glass substrates were modified using a silane coupling agent. The substrates were exposed to O~2~ plasma for 3 min at 300 W, placed into N~2~ filled glove bag and immersed in 2 mM solution of (3-acryloxypropyl) trichlorosilane in toluene. The silane self-assembly was allowed to proceed for 1 h under N~2~ purge, after which the substrates were removed, rinsed in toluene and dried using N~2~ gas. The substrates were then placed in an oven for 3 h at 100 °C to cure the silane layer. This silanization procedure has been used by us previously for anchoring of the PEG hydrogel microstructures to glass substrates. Figure [2](#Fig2){ref-type="fig"} illustrates the process flow for the fabrication of PEG hydrogel micropatterns*.* PEG hydrogel patterns were fabricated from the precursor solution of PEG-DA (MW 575) and 2% (w/v) photoinitiator, DMPA. This prepolymer solution was spin-coated at 800 rpm for 4 s onto a standard 3 × 1 in. glass slide and then exposed to UV light at 65 mW/cm^2^ for 15 s to convert liquid prepolymer into cross-linked hydrogel. Unpolymerized PEG solution was removed by development in DI water for 5 min. This process resulted in formation of 35 *μ*m diameter PEG hydrogel wells on glass.Figure 2Process flow diagram for micropatterning hydrogel microwells and for immobilizing beacon molecules inside the microwells

Immobilization of Aptamer Beacons Inside Hydrogel Microwells {#Sec5}
------------------------------------------------------------

The glass slides with micropatterned PEG hydrogel wells were incubated with 1 mg/mL neutroavidin in HKE buffer solution overnight at 4 °C. Subsequently, surfaces were washed with HKE with 0.05% Tween and then immersed in 1 *μ*M solution of biotinylated aptamer-Alexa488 in HKE for 1 h at 37 °C. To visualize protein immobilization, neutravidin was replaced with Alexa546-labeled avidin and imaged using Nikon Eclipse LV100 inverted microsope (Nikon, Japan).

Integration of Sensing Microwells with Microfluidics and Detection of IFN-γ {#Sec6}
---------------------------------------------------------------------------

PDMS microfluidic devices were fabricated using standard SU-8 processing and soft lithography protocols. The design of the microfluidic devices used in these experiments has been described in our previous publications.[@CR32],[@CR33] Briefly, the microfluidic device contained two flow chambers with width-length-height dimensions of 3 × 10 × 0.1 mm and a network of independently addressed auxiliary channels. The auxiliary channels were used to apply negative pressure (vacuum suction) to the PDMS mold and to reversibly secure it on top of a glass substrate. This strategy allowed to seal a fluid conduit on top of the glass slide without compromising integrity of PEG hydrogel arrays. The inlet/outlet holes were punched with a blunt 16 gauge needle. A 5 mL syringe was connected to silicone tubing (1/32 inch I.D., Fisher), which was attached to the outlet of the flow chamber with a metal insert cut from a 20 gauge needle. A blunt, shortened 20 gauge needle carrying a plastic hub was inserted in the inlet. A pressure-driven flow in the microdevice was created by withdrawing the syringe positioned at the outlet with a precision syringe pump (Harvard Apparatus, Boston, MA).

PDMS microchannel device was aligned on the glass slide to fit PEG microwell patterns. Hydrogel microwells were incubated with avidin and biotinylated aptamer-fluorophore prior to integration with fluidic channels. After priming with HKE buffer, quencher-labeled antisense oligonucleotide was injected into microfluidic channels at concentration of 10 *μ*M and left to hybridize with aptamer for 30 min at room temperature. This step resulted in immobilization of an aptamer-fluorophore/antisense-quencher duplex on the surface of the microfluidic channels.

During cytokine detection experiments, IFN-γ was injected into the microfluidic device at concentrations ranging from 1.25 to 100 nM in HKE buffer. The change in fluorescence due to cytokine-aptamer beacon interactions was monitored using a Zeiss 200 M epifluorescence microscope (Carl Zeiss MicroImaging, Inc. Thornwood, NY) equipped with xioCam MRm (CCD monochrome, 1300 pixels × 1030 pixels). Objectives, camera and fluorescence filters were computer controlled through a PCI interface. Image acquisition and fluorescence analysis were carried out using AxioVision software (Carl Zeiss MicroImaging, Inc. Thornwood, NY).

Results and Discussion {#Sec7}
======================

This paper describes the development of IFN-γ sensing micropatterned surfaces. Glass substrates were micropatterned with arrays of PEG hydrogel microwells and were modified with aptamer beacons via avidin--biotin coupling chemistry. The fluorescence signal emitted by the microwell arrays was directly proportional to concentration of IFN-γ. In the future, these novel cytokine sensing microwells will be used to arrange immune cells into high-density arrays and determine cytokine secretion on cell-by-cell basis.

Fabricating PEG Hydrogel Micropatterns on Glass {#Sec8}
-----------------------------------------------

Glass substrates were micropatterned with PEG hydrogels to define sites for binding of aptamer beacons. Hydrogel micropatterning followed the process presented in Fig. [2](#Fig2){ref-type="fig"}, with glass slides silanized to introduce acrylate groups on the surface, then covered with liquid prepolymer and exposed to UV through a photomask. This process resulted in micropatterns of cross-linked hydrogel regions interspersed with glass domains. While a variety of hydrogel shapes and geometries can be fabricated using this method,[@CR19] we chose to work with 35 *μ*m diameter microwells since this size approximates dimensions of single cells (5--20 *μ*m diameters) and our intent is to employ sensing microwells for cell analysis in the future. A brightfield image of an array of microwells is shown in Fig. [3](#Fig3){ref-type="fig"}a. As a precursor to immobilizing beacon components, the microwells were incubated with avidin. To visualize adsorption, avidin molecules were labeled with Alex546 (red fluorescence). As shown in Fig. [3](#Fig3){ref-type="fig"}b, avidin molecules became physically adsorbed on glass attachment sites at the bottom of the microwells, with minimal adsorption occurring on non-fouling hydrogel walls. In a subsequent step, glass substrates were incubated with biotinylated aptamer-Alexa488 (green fluorescence). As demonstrated by a representative image in Fig. [3](#Fig3){ref-type="fig"}c, aptamer molecules became immobilized specifically inside the microwells.Figure 3Arrays of hydrogel microwells fabricated on glass. (a) A brightfield image showing an array comprised of 35 *μ*m diameter wells. (b) An image taken after incubation of a microwell array with avidin conjugated with Alexa546 (red). Localization of fluorescence signal shows that avidin molecules deposited selectively on glass attachment pads inside the wells. Minimal fluorescence was observed on non-fouling PEG hydrogel sidewalls of these wells. (c) Immobilization of biotinylated aptamer conjugated with Alexa488 (green). Aptamer molecules bound selectively inside avidin-containing attachment sites of the microwells

Construction of Aptamer Beacons Inside Hydrogel Microwells {#Sec9}
----------------------------------------------------------

The design of the aptamer beacon is shown in Fig. [1](#Fig1){ref-type="fig"}. This beacon consisted of a biotinylated fluorophore-labeled DNA aptamer and a quencher-carrying complementary strand. Hybridization of complementary strand resulted in quenching of fluorescence signal due to FRET effect. As result of IFN-γ interacting with beacon molecules, quenching strands became displaced and fluorescence signal appeared. SPR analysis carried out in our previous study revealed that best binding (*K*~d~ \~ 3 nM) occurred in aptamer molecules biotinylated at the 3′-end and that the presence of fluorophore did not significantly interfere with aptamer/IFN-γ interactions.[@CR28]

In order to precisely control reagent exchange during IFN-γ detection experiments, glass slides with hydrogel microwells were outfitted with PDMS microfluidic channels and mounted on a fluorescence microscope. The design of the microfluidic device, first proposed by Schaff *et al*.[@CR23] and shown in Fig. [4](#Fig4){ref-type="fig"}a, allowed to reversibly seal PDMS fluid conduits on top of the hydrogel microwell arrays using vacuum suction. This obviated the need to expose micropatterned surfaces to oxygen plasma treatment and allowed to retain intact non-fouling and protein-modified domains on the surface.Figure 4(a) Design of a microfluidic device used in cytokine detection studies. The device was fabricated in PDMS and contained two reaction chambers that were secured on top of microwell arrays by vacuum suction applied through a web of auxiliary channels. This PDMS attachment approach did not compromise non-fouling or sensing components of micropatterned surfaces. (b--c) 35 *μ*m diameter wells with immobilized aptamer molecules before (b) and after (c) injection of quencher-labeled complementary strands into a microfluidic device. Loss of fluorescence in part (c) was attributed to formation of DNA duplex. (d) Fluorescence intensity measurements show 5 fold decrease in fluorescence after incubation of microwells with quenching DNA strands

Figure [4](#Fig4){ref-type="fig"} demonstrates the last step in construction of the aptamer beacon---attachment of quenching strand and formation of DNA duplex. Figure [4](#Fig4){ref-type="fig"}b shows that fluorophore-labeled IFN-γ aptamer was immobilized via biotin-avidin binding exclusively inside the microwells. Injecting 10 *μ*M concentration of the antisense DNA strand labeled with a quencher into the microfluidic device led to disappearance of fluorescence, consistent with FRET-based quenching. As shown in Fig. [4](#Fig4){ref-type="fig"}c and d, quenching occurred rapidly with fluorescence decreasing by \~5 fold within 20 s, however, aptamer-modified microwells were incubated with the quenching strand for \~30 min to allow for hybridization to occur. The possibility that the loss of fluorescence was only due to quenching strand being present in solution was eliminated by flushing the device with HKE buffer subsequent to the hybridization step. No fluorescence recovery was observed, suggesting that quenching strands bound to the aptamer molecules and formed double stranded DNA beacons inside the microwells.

Real-time Monitoring of IFN-γ in Sensing Microwells {#Sec10}
---------------------------------------------------

IFN-γ is an important inflammatory cytokine. It is secreted by the immune cells into serum and is most commonly detected using antibody (Ab)-based affinity assays. In immunology, a standard ELISA has evolved into an ELISpot assay---a method used to detect IFN-γ secreted by T-cells and to determine frequency of antigen-specific CD4 and CD8 T-cells.[@CR3],[@CR5] While enumeration of IFN-γ producing immune cells has become standard in immunology, the quantity and the dynamics of cytokine production in cells are largely unknown. The latter point is particularly difficult to address given that Ab-based assays provide end-point measurements and offer limited information on the cytokine production over time.

Micropatterning of aptamer beacons on cell culture/capture surfaces present an alternative strategy for monitoring cytokine signal in real-time. Figure [5](#Fig5){ref-type="fig"}a--c shows a representative response of hydrogel microwells to 100 nM IFN-γ injected into the microfluidic device. As can be seen from these images fluorescence signal inside the microwells increased rapidly, reaching saturation \~15 s after introduction of IFN-γ. Similar dynamics for IFN-γ/aptamer beacon interactions have been observed by us previously using SPR analysis.[@CR28] The appearance of fluorescence in Fig. [5](#Fig5){ref-type="fig"}a--c is due to displacement of the quenching strand by IFN-γ molecules and disruption of FRET. As seen from these images signal was localized to microwells, underscoring our ability to define cytokine-sensing domains on the glass surface.Figure 5(a--c) A sequence of fluorescence/brightfield overlay images taken at different time points from a set of microwells challenged with 100 nM IFN-γ. Appearance of fluorescence in the microwells is due to displacement of quenching strands in the immobilized beacons by quenching strands. (d) Fluorescence response of a different set of microwells challenged with 6 nM IFN-γ. The signal was considerably lower than in the case of microwells challenged with 100 nM IFN-γ (c), proving that microwell response depended on the concentration of analyte. (e) Temporal evolution of fluorescence signal in microwells challenged with varying concentrations of IFN-γ. (f) A plot of signal intensity vs. IFN-γ concentration showing that detection limit for these sensing surfaces was 5 nM and linear range extended to 100 nM. Error bars represent standard deviation of the mean for three (*n* = 3) separate experiments. The values for fluorescence intensity were chosen from curves in part (e) after signal saturation (e.g. *t* = 60 s). Fluorescence signal was normalized by background fluorescence (*F*~o~)

It should be noted that IFN-γ (17 kDa) is slightly bigger than the aptamer (10 kDa), which means that controlling aptamer density on the surface is important in order to ensure binding of cytokine molecules. In the previous study employing electrochemical IFN-γ aptamer we determined that modifying surfaces with 0.5--1 *μ*M aptamer solution resulted in most sensitive IFN-γ detection.[@CR12] Similar aptamer concentration (1 *μ*M) was employed in the present study for fabrication of cytokine sensing surfaces.

Comparison of fluorescence in microwells challenged with 100 nM (Fig. [5](#Fig5){ref-type="fig"}c) and 6 nM IFN-γ (Fig. [5](#Fig5){ref-type="fig"}d) demonstrates that signal intensity was dependent on analyte concentration. Figure [5](#Fig5){ref-type="fig"}e presents dynamics of signal change for varying IFN-γ concentrations (from 1 to 100 nM) and points to equilibrium being achieved rapidly (\~15 s after introduction of analyte). The fluorescence intensity at equilibrium varied depending on analyte concentration, allowing us to construct a calibration curve of signal vs. IFN-γ concentration. As seen from these data (Fig. [5](#Fig5){ref-type="fig"}f), the detection limit of micropatterned surfaces is 5 nM, with linear range extending to 100 nM IFN-γ. Fitting results in Fig. [5](#Fig5){ref-type="fig"}e to Langmuir isotherm provided an equilibrium constant *K*~d~ of \~2.5 nM for IFN-γ/aptamer binding. This value was similar to *K*~d~ of 3 nM measured by us previously using SPR.[@CR28]

The micropatterned surfaces described here are not as sensitive as Ab-based IFN-γ assays. However, our laboratory has recently reported an electrochemical aptasensor with 60 pM detection limit.[@CR12] This electrochemical biosensor used a hairpin aptamer that showed significantly higher affinity for IFN-γ compared to linear aptamer described here (hairpin *K*~d~---0.3 nM, linear aptamer *K*~d~---3 nM determined by SPR). Aptamer beacons utilizing hairpin configuration are currently under development in our laboratory and may provide a more sensitive fluorescence-based detection of IFN-γ.

In addition to real-time analyte monitoring, aptamers offer an advantage of chemical stability. The lack of chemical stability makes storage of Ab-based assays difficult and re-use of these assays nearly impossible. In contrast, as shown in Fig. [6](#Fig6){ref-type="fig"}, aptamer-based biosensing surfaces could be reused multiple times with minimal loss in sensitivity. In these experiments, microwells with immobilized aptamer beacon (DNA duplex) were challenged with 100 nM IFN-γ as described in the previous section of this paper. Subsequently, microfluidic devices were infused with 7 M urea buffer for 5 min. This treatment was sufficient to disrupt aptamer-cytokine interactions and regenerate fluorescence of sensing surfaces. As can be seen from Fig. [6](#Fig6){ref-type="fig"}, the same micropatterned surface regenerated and challenged with 100 nM IFN-γ showed minimal cycle-to-cycle variability.Figure 6Regeneration of cytokine-sensing surfaces. Hydrogel microwells containing aptamer beacons (DNA duplex) were exposed to 100 nM IFN-γ, producing fluorescence signal. Subsequently, microwells were washed with urea buffer to denature/remove IFN-γ and regenerate fluorescence of the sensing surface. In the last step, hydrogel microwells were incubated with the quenching strand to regenerate aptamer beacon (DNA duplex). This process allowed us to use the same sensing microwells multiple times with minimal loss of sensitivity

Conclusions {#Sec11}
===========

Micropatterned surfaces may represent a future of high-throughput screening because of the high-density of wells per unit area afforded by microfabrication technologies. A number of reports described the use of micropatterned surfaces to arrange cells into periodic arrays suitable for rapid imaging and characterization.[@CR4],[@CR18],[@CR21],[@CR31] However, options for monitoring function of live cells on micropatterned surfaces remain limited, with reporter genes[@CR10],[@CR31] and intracellular fluorophores[@CR22] being used most commonly. This paper describes fabrication of microwell arrays suitable for real-time monitoring of IFN-γ---an important protein secreted by immune cells during activation. PEG hydrogel microwells (35 *μ*m diameter) were fabricated on glass using photolithography and were modified with aptamer beacon molecules. Hydrogel walls remained non-fouling so that beacon molecules became localized and immobilized on glass attachment sites inside the microwells. Microwells fabricated in this manner emitted fluorescence upon incubation with IFN-γ. The fluorescence signal intensity changed in real-time and was dependent on the concentration of IFN-γ.

Our laboratory has recently demonstrated fabrication of microwells modified with anti-CD4 and anti-IFN-γ Abs for the capture of single human CD4 T-cells from whole blood and detection of secreted IFN-γ.[@CR33] As the next step, we envision replacing IFN-γ Abs with aptamer beacons to allow capturing T-cells and monitoring dynamics of IFN-γ release from these cells. These micropatterned surfaces may enable analysis of heterogeneity in immune cell population based on the dynamics of cytokine production. Overall, micropatterning of aptamer beacons on cell culture/capture surfaces represents a novel means of monitoring cell-secreted products in the context of local microenvironment.
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